A 2 × 2 MIMO antenna for metal-housing mobile handset application is proposed in this article. e polarization diversity is used to arrange the two antennas' setup. e asymmetric U-shaped nonuniform slot antenna provides two different resonant bands are designed to be operated in long term evolution (LTE) covers lower band (698 MHz to 960 MHz) and upper band (1710 MHz to 2700 MHz). e modified type III balun is used for upper-operating band, and the open stub is used for lower-operating band, good impedance bandwidth, and radiated pattern and efficiency are shown. e isolation (S21) between the antennas is more than 20 dB, and the envelope correlation coefficient (ECC) is less than 0.02. A prototype of the proposed antenna chiselling in the metal-housing mobile handset (with 160 mm in length, 10 mm in height, and 70 mm in width) is fabricated and experimentally studied.
Introduction
Metal-housing mobile handsets are slowly becoming a trend for the fashion industrial design. e demand of increasing panel size has grown dramatically in recent years, at the same time, requires the space reduction of the antenna setup also. Moreover, the rapid increase of wireless communication applications has led to the development of MIMO antennas for 4G LTE terminals. In the scenario of limited antenna space, the antenna performance, such as operating bandwidth, radiated pattern and efficiency, and isolation between antennas, will cause antenna design face a severe challenge. e literature [1] presents by using a stacked rectangular ring slot microstrip antenna with parasitic load for UMTS, LTE, and WiFi applications, and the wide operating bandwidth is shown. is technique is effective in creating an additional resonant path to generate an additional resonant mode for the antenna. is design concept is applied in this study to an open-stub structure. However, the complex fabricated structure needs large space, which excites multimode resonant to cause multilobes in the antenna's radiated pattern; therefore, it is difficult to use this antenna structure in mobile handsets. In the literature [2, 3] presents by using various slot antenna shape, varying the slot shape of antenna to cause multiresonant path to increase the operating bands and bandwidths are presented. e low-profile feature is suitable to fit in the narrow region between the metal frame and the display panel. erefore, when the terminal body is larger than the antenna element (especially slot antenna), it is beneficial to enhance the radiated gain and operating bandwidth of the antenna; in other words, the antenna performance is varied due to the influence of the terminal body size that will cause some uncertainty issues. In this article, an asymmetric U-shaped slot antenna is designed, which is chiselled in the metal-housing mobile handset, to achieve 4G LTE full-band (lower-band, 698 MHz to 960 MHz and upper-band, 1710 MHz to 2700 MHz) performance. e feasibility of wide bandwidth operation has been proven by the design structure comprising nonuniform slot, modified type III balun, and open-stub and stepped-fed structure to operate in the dual operating bands. In addition, the 2 × 2 MIMO antennas for the 4G LTE system is the application scenario of the proposed antenna structure. e two antennas are the main antenna and auxiliary antenna. By using the polarization diversity to arrange the two antennas setup, the isolation (S21) between antennas is more than 20 dB. Details of the design considerations and the experimental results of the constructed prototype are presented and discussed in the following sections. Figure 1 shows the proposed asymmetric U-shaped slot antenna for 2 × 2 MIMO 4G LTE full-band applications. e polarization diversity is used to setup the two antennas. Because the reference ground-plane is different, the sizes of two antennas, #1 (denoted as auxiliary antenna) and #2 (denoted as main antenna), are slightly different. e presented antennas' structure is composed of a longer-slot section of length S1, shorter-slot section of length S2, and stepped-fed section of length S3. ese sections are all chiseled in the copper metal-plane with size 160 mm by 70 mm. e implemented prototype of the proposed antenna is shown in Figure 1(d) . e resonant mode of section S1 is designed to occur at LTE lower band and the section S2 is designed to occur at LTE upper band. e length of radiating slots can be determined from about one half-wave length at the center resonant frequencies. e total length of S2 is designed to one-third S1, to let the S2 be an open-stub of S1, for enlarging the bandwidth of lower-operating band. As the slot shape trace was bended, the corresponding resonant frequency of the antenna would decrease as well.
Antenna Structure and Design
e design parameters and the corresponding characteristics of resonant frequency, input impedance, and bandwidth are functions of the geometrical parameters of the nonuniform asymmetric U-shaped slot structure. Both sections S1 and S2 are nonuniform slot structures. In section S1, the width of longer slot is 3.125 mm, which is one percent wavelength of lower-operating band (@960 MHz), and the width of shorter slot is 1.36 mm, which is one percent wavelength of upperoperating band (@2200 MHz). In section S2, the width of longer slot is 1.75 mm, which is one percent wavelength of upper-operating band (@1710 MHz), and the width of shorter slot is 3.6 mm, which is one percent wavelength of loweroperating band (@825 MHz). e two different slot widths and the bended structure will cause the discontinuity surface current of antenna to induce some proximity resonant frequencies, so the operating bandwidths will increase. Moreover, the end-excited U-shapes slot will lead high-input impedance effect and narrowed bandwidth, and the stepped-fed structure is proposed to be a modified impedance transformer to reduce the input impedance and extend the bandwidth [4] . In addition, because the upper-operating band is produced by the shorter slots, which is sensitive to the metallic environment, to cause frequency detuning. So, to consider the actual applications, the antennas' performance will be impacted by a LCD panel (which is like a metallic plate); hence, the longer slot of #1 antenna is setup near the middle of the metal back cover and the shorter slot is in the edge of the ground plane.
Experimental Results and Discussion
In the experiment, the feed and ground points are connected to 1.13Ø 10 cm minicoaxial cable with 50 Ω I-pex connector. By using the described design procedure, a dual-band antenna was constructed to operate at the range of 4G LTE fullband (lower-operating band: 698 MHz-960 MHz and upper-operating band: 1710 MHz-2700 MHz) systems. e simulated results are obtained by using the Ansoft HFSS. We can also find a good agreement between the simulation and measurement in the lower-operating band, but there is slight difference in the upper-operating band, which is caused by the high-order mode resonant of the feeding coax because the length of feeding coax is 10 cm, which is near to half-wave length of the upper-operating band. e simulated and measured isolation (S21) between the two antennas is International Journal of Antennas and Propagation shown in Figure 2(b) , and more than 20 dB in the lower-and upper-operating band are shown. In the lower-operating band, the longer slot of #1 antenna is setup near the middle of the metal back cover (which is in the z-x plane) and the longer slot of #2 antenna is to be bend and setup in the edge of metal-housing (which is in the y-z plane); these two longer slots are not in the same plane, as shown in Figure 1(b) . In the upper-operating band, the polarization diversity is shown between the two shorter slots. In other words, the good isolation between the two antennas is contributed from adopting a slot antenna structure and polarization diversity arrangement [4] [5] [6] . Figures 3 and 4 present the simulated and measured 2D and 3D radiation patterns of #1 and #2 antenna at 825 MHz, 960 MHz, 2200 MHz, and 2690 MHz, respectively. e radiated patterns of simulated and measured results are slightly different, and there is also significant difference between the maximum gains; all of which are caused by the feeding coax issue. In the figures, at the same frequency, the effectiveness of polarization diversity is shown. Because section S2 is located at the edge of metal-housing mobile handset, as shown in Figure 1(b) , the fringing effect will cause the radiated patterns with multilobes in the upperoperating band to reduce the radiated efficiency. e perimeter of section S1 is designed to two times the wavelength of upper-operating band, whose mechanism is like a modified type III balun structure for the upper-operating band, so the multilobes of the radiated pattern are suppressed in the corresponding band.
e Envelope Correlation Coefficient (ECC, ρ e ) is an important figure of merit for the comparison of MIMO capabilities of coupled antennas, which is obtained from the measured far-field patterns over a sphere by employing the ETS-Lindgren (AMS-8700) anechoic chamber. For a two-element MIMO antenna, ECC can be calculated as follows:
E i is the electric field radiated by antenna i with another antenna terminated by a matched load. It is known that a lower envelope correlation leads to a larger channel capacity. As we can see from Figure 5 , the ECC is lower than 0.02 on both lower and upper band of 4G LTE, which means a good MIMO performance. Tables 1 and 2 show the measured antenna gains and total efficiency within the operating bands of the proposed antennas #1 and #2. Stable radiation patterns are observed. e total efficiency was carried out by using pattern integration employing the ETS-Lindgren (AMS-8500) anechoic chamber. Acceptable radiation characteristics for the practical applications are obtained for the proposed antenna.
In Table 3 , the proposed antenna is presented to compare with recently published works; although the application scenario is different, these antennas could meet the required performance. e proposed antenna indeed shows the simple structure because the matching components and tuning stub are not needed. 
Conclusion
A novel multi-and wide-band antenna comprising nonuniform asymmetric U-shaped slot with stepped-fed structure for application in a 2 × 2 MIMO 4G LTE system has been proposed and implemented in the metal-housing mobile handset. Measurement results show that a wide bandwidth is obtained. e impedance matching of the proposed antenna is mainly achieved by adjusting the width of slots and stepped-fed structure. e performances of the proposed antenna, including S-parameters, radiation patterns, and envelope correlation coefficient (ECC) were examined, and the results show a 4G LTE MIMO antenna with high isolation is successfully achieved due to use polarization diversity and the slot structure. e contribution of the open stub in the lower-operating band to increase the bandwidth and the modified type III balun in the upper-operating band to improve the radiated efficiency is proved. In addition, the long slot of the #1 antenna is close to the middle of the metal back cover, which will cause significant visual interference, and a metal coated plastic film will be used to cover the existence of the slot. e design concepts presented in this paper can be extended to other metal environments of interest.
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